Abstract. Recent developments in electron beam equipment have given rise to ever more complex electron optical (EO) designs. Until now these designs were realized using standard workshop techniques like drilling, turning etc. With the need for even more complex designs to advance electron optics, we use the possibilities of manufacturing EO components with MEMS fabrication techniques. This leads to different design rules in the EO design. One can use one of the strong points of MEMS fabrication, mass manufacturing of identical and reliable components within tight specifications. One of our designs that demonstrates this is presented in this paper, the multi-beam electron source. We are developing an electron source for use in a standard scanning electron microscope that produces 100 beams instead of one. The design is made so that the performance in terms of spot size and current per beam is equal to the performance of the beam from a single beam source, around 1 nm and 25 pA. Furthermore, since we modify the SEM for nanolithography purposes, it is necessary to switch each of the individual beams on and off. For that purpose we integrate an array of blanker electrodes in the source unit.
Introduction
Over the past decades, microfabrication techniques, such as lithography, etching and deposition, as they are used in micro electronics manufacturing, have been used outside the original field where they were developed. These techniques are applied in fields of expertise where making large numbers of reliable parts with precise specifications on the micrometer scale has an advantage. These parts mostly play a role as mechanical components in Micro Electro Mechanical Systems and the term used for this application of microfabrication techniques is therefore MEMS [1] .
Apart from the pure mechanical applications of MEMS, one can think of a wide range of fields where micrometer scale parts can change the way systems can be designed and thus have a great influence on the kind of applications that become available. One such field, where mechanics do not play a role, is charged particle optics.
In charged particle optical systems, trajectories of electron or ions are manipulated so that images are formed. These can be images to look at, in microscopes or they can be images in a resist layer, in lithography machines. Some well known systems are the scanning electron microscope (SEM), the electron beam pattern generator (EBPG) and the focused ion beam system (FIB). In general, the most important parts of which such a system is built up are the electron source, the collimating optics, condensor optics, projection optics and one or more sets of scan coils or plates. Due to ever present imperfections in the manufacturing process, there is a need for one or more sets of compensation elements called stigmators. Up until now all these parts are made using standard machineworkshop techniques such as drilling, milling and turning. However, with the advent of ever more complex electron optical designs, realizing these designs with machineworkshop methods becomes ever more difficult and costly.
In this paper we focus on the use of MEMS electron optics in the electron source, where we want to make the following modification : instead of one electron beam we want a source that produces 100 beams. This means we have to make a high quality, collimating multi-lens right behind the electron source. We find that the complexity and the precision required to make this part is simply beyond standard workshop techniques, since we demand that each of the beams be focused into the same spot size as the single beam of approximately one nanometer. As it turns out, this puts severe demands on the size tolerances of the parts we want to make, but current MEMS techniques provide a solution. Our goal differs from the explorations of MEMS electron optics given in literature in the requirement that the spots must be one nanometer each, and not several tens of nanometers. [2, 3] The application of this modification we currently have in mind is to increase the speed of electron beam induced deposition (EBID) 100 fold, so that EBID may become a viable tool to produce structures within the 1 nm range. [4] 
Electron Optical Design Considerations
The basic platform for our multi beam source is a standard SEM (FEI Nova-NanoSEM 200). This system is equipped with a state of the art column capable of projecting the electrons into a spot of approximately 1 nm. In this system, we replace the source section with our MEMS multi beam source (MBS). For our purpose the size of each of the electron spots on the target must be as small as that of the single beam version, i.e. in the order of 1 nm.
In figure 1 a schematic of our multi beam electron optical system is given. Figure 1 . Schematic of the most important modifications to the SEM.
The design of the MBS is such that the new source projects an array of beams at the plane where normally a conventional source projects just one electron beam at the entrance of the SEM column. In figure 1 , this is the region between the boxes labeled "MBS" and "SEM column" If this design consideration is followed, minimal modification of the SEM system is required. Especially, for the central beam of the array there is no change at all. For the off-axis beams however, a more thorough optical analysis is required. We find that in order to minimize distortions and aberrations, the axes of the beamlets have to pass through the center of the final lens of the column. For that purpose, a field lens is included in the MBS unit. Details are given elsewhere. [5] In the multi beam source unit there are parts to split the broad beam from a Schottky source up into 100 sub-beams. This part is an array of beam limiting apertures and an array of electron optical lenses. Furthermore, there must be a provision in the MBS unit to blank each of the beamlets individually. All the parts have to fit into a space of no more than 10 cm, otherwise the mechanical stability of the column is deteriorated, reducing the resolution due to vibrations. The limited size is one reason to make the MBS small. Another important reason is the advantage in downscaling electron optical components. Downscaling the whole design while keeping the ratio of beam energy to electrode potentials constant reduces the aberrations of the beams. This is crucial in achieving the goal of an array of 1 nm spots at the target. [6] Both reasons given above lead to the need to produce the MBS unit with the same fabrication technologies as those used in MEMS, because it is virtually impossible to make the components of the MBS with the required size specifications using conventional milling techniques.
The principle of the MBS is depicted in figure 2 below. Electrons are emitted from a standard Schottky emitter tip and pass the extractor electrode. The plates 1 and 2 function as first collimator lens and shielding electrode respectively. So far no MEMS components are used. Element number 3 is the actual lens array where we currently use an aperture lens principle. In figure 2b , the working principle of an aperture lens is explained. The non-uniformity of the electric field causes the lens effect, both at the surface of the micro lens array and at electrode 4. Element number 3 is the part we need to make with very tight specifications. The holes in the plate must have a diameter of around 200 m and must be round to within 1 %. Hole to hole variation in diameter must be within 2 %. Further downstream is electrode 4 which acts as a negative electrostatic lens. Finally, the lens array is combined with the beam limiting aperture array and a deflector array. The entire stack 1 thru 4 is approximately 10 mm high and 20 mm in diameter. 
Fabrication of the parts
As mentioned in section 2, the component with the tightest requirement on tolerances of the MBS is the combination of lens array (LA), current limiting apertures (CLA) and the deflector array(DA). In figure 3 , a schematic of the final component with the different functional parts is shown. Our approach is to develop the processes for each of the arrays separately and later combine the processes to make the CLA/DA/LA combination as one single component. In the combined component, the deflector array and the lens array have to be made on one Si wafer. Therefore, the lens array has to have surface area where the deflectors can be placed. These are the protrusions in the lens array, one is indicated in figure 3 by the arrow.
We made the first prototype of the lens array module from a 500 m thick, highly doped Si wafer. In the first prototype, the protrusions were made in four different sizes. The process steps are depicted in figure 4 . In step 1 and 2, a chromium hard-mask was deposited in which the openings for the aperture lens were defined. The definition was made in spun-on E-beam resist with a Leica EBPG 5. After etching of the hard-mask (step 2) and resist stripping, a layer of aluminum (Al) was deposited. In the Al, another mask was defined with the EBPG with resist (step 3). The Al was used as hard-mask for the cryo-etching of the small holes (step 4). After stripping the Al layer, the whole structure of small and large holes was cryo-etched deeper into the wafer (step 6). Then, the Cr layer was stripped (step 7) and the holes are opened up by a back-etch as depicted in step 7,8 and 9 in figure 4. A typical result is shown in figure 5 . Later on in the process, the lens array process is combined with the deflector array process, both using the same Si wafer.
Because the deflector array must be shielded from the incoming beam to prevent it from charging, on top of the whole structure we need to mount a current limiting array. This array will also be made from Si, coated with molybdenum to prevent contamination buildup. Mounting of the current limiting array on the lens array/deflector array will be done by wafer bonding. Note that figure 3 is depicted upside down with respect to figure 4. Note that the array is very uniform and that the roundness of the hole in the array is as required from EO calculations, within 1%. Also note that in figure 5b , the side wall of the lenslet has some roughness. This is probably due to edge effects, but these errors are not severely affecting the optical properties of the lenslets.
Furthermore, a first version of the wiring for the deflector array was made. The first type that was made is specifically suited for testing crosstalk between the adjacent beams. In the example shown in figure 6 , the backside etch of the lenses is not yet carried out. The deflector that is connected to the lead indicated by the arrow in figure 6a is meant to remain un-deflected while all the other surrounding deflectors are excited. This design is meant to test if the current design is free of any significant crosstalk between the deflectors. Finally, the entire stack of all components is assembled. At the time of this writing, the lens array in combination with a beam limiting array has been tested. A stack of those parts is shown in figure 7.
Figure 7. First MBS prototype stack for testing with an electron source.
In the centre, the small round hole that can be seen is element number 4 of figure 2 and in that hole one can see the square array of micro-lenses, element number 3 of figure 2. 
Experimental Results
The stack as shown in figure 7 is placed in an ultra high vacuum setup and illuminated from the back side with a standard Schottky electron source. At the top of the stack, a fluorescent screen (flu. screen) is placed. This screen lights up locally when it is hit by the electrons from the beamlets. This way the positions of the electron beamlets can be visualized. When no voltage is supplied to the elements 3 and 4 of fig 2, a shadow image of the aperture array is seen on the fluorescent screen. Now, to enable the micro lenses, a potential is applied between elements 3 and 4. From figure 2 it is clear that now both the micro lenses and the negative lens are enabled at the same time. This gives rise to the following effect on the fluorescent screen : due to the positive lens effect of the micro lenses, the size of the individual beams will decrease. This is the focusing of the positive micro lenses. However, due to the negative lens effect of element number 4, the beams, as they are focused, will move apart. This is the de-focusing effect of the negative lens. In figures 8 a-d the sequence of events can be seen.
Conclusions and Outlook
The results presented in this paper show that it is very well possible to make high quality electron optical components using MEMS technology. The effect of focusing of the micro lens array has been demonstrated. We see a negative lens action for the array of beamlets but note that for the individual beamlets, the total effect of the electrostatic field is still a positive lens effect, since each beamlet is focused on the fluorescent screen.
The next step in the project is the combination of the deflector array and the lens array in one process. Once this component is finished it will be implemented in the SEM system to make the first multi beam electron lithography tool with multiple 1 nm beams.
